Baculovirus occlusion-derived virus (ODV) derives its envelope from an intranuclear membrane source. N-terminal amino acid sequences of the Autographa californica nuclear polyhedrosis virus (AcMNPV) envelope proteins, ODV-E66 and ODV-E25 (23 and 24 amino acids, respectively) are highly hydrophobic. Recombinant viruses that express the two N-terminal amino acid sequences fused to green f luorescent protein (23GFP or 24GFP) provided visual markers to follow protein transport and localization within the nucleus during infection. Autof lourescence was first detected along the cytoplasmic periphery of the nucleus and subsequently localized as foci to discrete locations within the nucleus. Immunoelectron microscopy confirmed that these foci predominantly contained intranuclear microvesicles and the reporter fusion proteins were also detected in cytoplasmic membranes near the nucleus, and the outer and inner nuclear membrane. Therefore, these defined hydrophobic domains are sufficient to direct native and fusion proteins to induced membrane microvesicles within a baculovirus-infected cell nucleus and the viral envelope. In addition, these data suggest that movement of these proteins into the nuclear envelope may initiate through cytoplasmic membranes, such as endoplasmic reticulum, and that transport into the nucleus may be mediated through the outer and inner nuclear membrane.
The Autographa californica nuclear polyhedrosis virus (Ac-MNPV) infection of insect cells produces two enveloped progeny viruses: budded virus and occlusion-derived virus (ODV). The budded virus obtains its envelope from the cell surface when the nucleocapsid buds through the plasma membrane as it exits the cell. This strategy is similar to that observed for other viruses that bud from the cell surface (1) . The molecular mechanism utilized by ODV to obtain an envelope within the nucleus is unlike other viral nuclear maturation strategies. ODV obtains its envelope from viral induced membranes within the nucleoplasm. The mature ODV is then occluded within a proteinaceous crystal matrix and upon lysis of the infected cells, occlusions are released into the environment to be consumed by another insect (2, 3) .
Infection by AcMNPV and other baculoviruses induce an extensive elaboration and proliferation of intranuclear membranes that appear as microvesicles and unit membrane structures within the nucleoplasm (4, 5) . Previous results using ODV envelope proteins as markers to study trafficking and assembly of intranuclear microvesicles and the ODV envelope, suggest that movement of these proteins could be mediated through cytoplasmic membranes and the nuclear envelope (6) . This model predicts that ODV envelope proteins are incorporated into the endoplasmic reticulum (ER), and transported to the outer and inner nuclear membrane (ONM and INM). This model does not rule out nuclear pore import and subsequent sorting to the INM or induced microvesicles (6) . Our data suggest that ODV envelope proteins become incorporated, at least transiently with the INM. Based on these observations, one might expect ODV envelope proteins would contain targeting/retention signals similar to other INM proteins. The molecular signals necessary for transport or retention of proteins into the INM are largely uncharacterized; however, for certain proteins a hydrophobic domain has been identified to play a role. Transmembrane domains from lamin B receptor (LBR), glycoprotein (gp) 210, and herpes simplex virus glycoprotein B can direct proteins to the nuclear envelope (7) (8) (9) . It is unknown why these domains are sufficient to direct proteins to the nuclear envelope while other, apparently similar transmembrane domains do not function as such.
The availability of several viral envelope protein markers provides the opportunity to use baculovirus infection to study protein movement into the nuclear envelope and into membranes that are induced to proliferate and subsequently assemble as viral envelopes within the nucleus. Such a system offers several advantages for studying these processes including the following: (i) virus infection amplifies protein trafficking and movement into nuclear membranes thus making the process easier to detect and follow; (ii) the timing of expression for the envelope protein or reporter constructs can be controlled using viral promoters of immediate early, late, and very late classes; (iii) insect cells are similar in many respects to mammalian cells, thus pathways and mechanisms elucidated utilizing this model give insights to similar pathways of mammalian cells; and (iv) the use of marker proteins and baculovirus provides an opportunity to trace the movement of membranes and their associated proteins into the nucleus and nucleoplasm. In this study, we use a combination of unique viral envelope protein markers, and fusion proteins thereof, to investigate protein transport and localization to the nuclear envelope, membranes within the nucleoplasm and the viral envelope.
otide 5Ј-GCAACATTCGACATGAGCAATAATAAAAA-TGATGCC-3Ј and the selection oligonucleotide 5Ј-CTCTA-GAGGAACCCCGGGAACCGAGCTCG-3Ј. After the introduction of deletion, the KpnI-KpnI fragment (28.1-28.2 map units) was replaced with a 3.1-kb KpnI fragment containing the LacZ gene from a previously generated clone 125␤-gal (T.H., unpublished data).
To obtain the construct 23␤-gal ( Fig. 1 A, row 3 ), nucleotide sequence encoding amino acids 24-25 were mutated to a KpnI site using the selection oligonucleotide 5Ј-CTCTAGAG-GAACCCCGGGAACCGAGCTCG-3Ј and the site-mutation oligonucleotide 5Ј-CCTATCAAATAGC GGTACCAAAA-ATGATGCCAAT-3Ј (KpnI site is underlined). The region from the new KpnI site at amino acids 24 and 25 to the KpnI site at 28.2 map units was replaced with the 3.1-kb KpnI fragment containing the LacZ gene from 125␤-gal.
The construct 23-green fluorescent protein (GFP) (Fig. 1 A, row 4) was obtained by amplifying the N-terminal 23 amino acids of ODV-E66 by PCR using the following oligonucleotides: 5Ј-TTTTTTAAGCT TATGTCTATCGTAT TG-3Ј (HindIII) and 5Ј-TTTTTTGGATCCTTGCTATTTGATAG-GTA-3Ј (BamHI). The PCR product was digested and cloned into pUC19. The N-terminal 23 amino acids of ODV-E66 were fused in frame with GFP (CLONTECH; pUC19-23GFP). This construct was then cloned into the baculovirus transfer vector, pVL1393 (ref. 10 ; pVL 1393-23GFP).
To express ODV-E66 under the control of the polyhedrin promoter ( Fig. 1 A, row 6 ), ODV-E66 was amplified by PCR using the following oligonucleotides: 5Ј-TTTTTGGATCCA-CC ATGTCTATCGTATTG-3Ј (BamHI) and 5Ј-TTTTTCT-GCAGTTACTTGTCGTCGTCGTCTTTGTAGTCCACA-ATTTCAAAAAT-3Ј (PstI) and cloned into pVL1393 (pVL1393-E66F) .
ODV-E25 Constructs.To generate 24GFP ( Fig. 1 A, row 8 ) the N-terminal 24 amino acids of ODV-E25 were amplified by PCR using the following oligonucleotides: 5Ј-TTTTTTCTG-CAGATGTGGGGAATCGTG-3Ј and 5Ј-TTTTTTGGATC-CTTGAAATTTAATGCATT-3Ј. The PCR product digested with PstI and BamHI and the BamHI͞EcoRI fragment encoding GFP from pGFP vector were cloned into PstI͞EcoRI sites of pVL1392.
All cloning constructs were verified by DNA sequencing. Cells and Construction of Recombinant Viruses. Recombinant viruses ⌬2-23␤-gal and 23␤-gal were constructed using the corresponding transfer plasmid and AcMNPV viral DNA (11) . pVL1393-23GFP, pVL1393-E66F, and pVL1392-24GFP were constructed using the corresponding transfer plasmid and Bsu36I-digested BakPak6 viral DNA (CLONTECH). The locus of recombination was verified by Southern blot analyses and appropriate probes. Protein expression was confirmed by Western blot analyses of infected cell extracts using appropriate antibody: ␤-gal recombinant viruses (mouse anti-␤-gal polyclonal antibody at 1:1250; Sigma); 23GFP recombinant viruses (rabbit anti-GFP polyclonal antibody at 1:1500; CLON-TECH). Southern and Western blot analyses were done as described by Sambrook et al. (12) . Spodoptera frugiperda (Sf9) cells were infected at a multiplicity of infection of 20.
In Vitro Transcription, Translation, and Membrane Copurification Assay. Genes encoding ODV-E66, ⌬2-23␤-gal, and 23␤-gal were cloned into pBS Ϫ vector. Plasmid DNA was linearized and transcribed (5) . Cotranslational membrane copurification assay was done as described by Kabcenell and Atkinson (13) . Briefly, after translation membranes were diluted with a high salt buffer (20 mM Tris⅐HCl͞500 mM KCl͞2 mM CaCl 2 ͞5 mM MgCl 2 , pH 7.4) and layered over a sucrose cushion (0.5 M) made in the same buffer. Posttranslational membrane copurification was performed after translation for 1 hr at 30ЊC in the absence of microsomal membranes, 2 mM cycloheximide was added to stop translation, and the reaction mixture was chilled on ice before addition of 1.8 l of microsomal membranes. After 1-hr incubation at 4ЊC, the mixture was subject to the membrane copurification assay briefly described (13) .
RESULTS
We observed that all the known ODV envelope proteins, ODV-E66, ODV-E25, ODV-E56, and ODV-E18 contain at least one putative hydrophobic domain (5, 6, 14, 15) . The hydrophobic domain of ODV-E66 and ODV-E25 is located at the N terminus. N-terminal amino acid sequencing revealed that these proteins are uncleaved in the ODV envelope (see Fig. 4 ). ODV-E66 and fusion proteins containing the ODV-E66 N-terminal hydrophobic domain were tested for their ability to stably integrate into microsomal membranes. ODV-E66 and 23␤-gal proteins were able to incorporate into microsomal membranes (Fig. 1B , rows 1 and 3), whereas ⌬2-23␤-gal remained in the soluble fraction (Fig.  1B, row 2) . Additionally, we determined that ODV-E66 was capable of posttranslational insertion into microsomal membranes, however at a lower efficiency (Fig. 1B, row 4) . To determine if ODV-E66 was transported into the lumen of the microsomal membranes, protease digestion experiments were performed and these experiments showed that after insertion, ODV-E66 was not protected from protease activity. These data are consistent with glycosylation studies that indicate that in the mature virus ODV-E66 is not N-glycosylated (data not shown).
One of the unique features of utilizing AcMNPV to express foreign genes is that the temporal pattern and the level of gene expression can be controlled during the infection process by using different viral gene promoters. Two recombinant viruses were generated that contained the N-terminal 23 amino acids of ODV-E66 fused in frame with GFP (23GFP) or ␤-gal (23␤-gal; Fig. 1 A, rows 3 and 4) . By using either the native or polyhedrin gene promoters, these fusion proteins are expressed at different levels and at different times during infection. The 23␤-gal fusion replaced ODV-E66 in its native gene locus and was expressed with the ODV-E66 promoter. Thus expression of 23␤-gal should parallel that of ODV-E66 and the cellular localization and abundance of this protein should also be similar. 23GFP was expressed under the control of the polyhedrin promoter. Expression of this gene is at a much higher level, and continues later in the infection process when compared with ODV-E66. Additionally, in this recombinant virus ODV-E66 remains in its native gene locus. Thus, 23GFP functions as a highly expressed, autofluorescent marker where localization can be visually traced.
Autofluorescence reveals that 23GFP first accumulates at the periphery of the nucleus at 48 hr postinfection (Fig. 2 A and  a, 3) and later in infection concentrates at interior regions of the nucleus in discrete foci (72 hr postinfection; Fig. 2 B and  b, ®) . Fig. 2C is an immunoelectron micrograph of an infected cell (48 hr postinfection) showing that cytoplasmic membranes condense around the periphery of the nucleus and are labeled using antibody to GFP and gold particles linked to secondary antibody (7) . 23GFP also locates to intranuclear foci of viral-induced membranes (Fig. 2C, ®) . The autofluorescence of GFP allowed us to visually screen large numbers of infected cells and over the course of infection the trafficking and localization pattern of 23GFP was highly reproducible. This pattern included the following. (i) Accumulation at the periphery of the nuclear envelope. In many examples a ring of autofluorescence around the nucleus was very strong as one might predict from the intense labeling demonstrated in Fig.  2C . At the light level we could discriminate autofluorescence in the cytoplasm adjacent to the nuclear envelope, along the interior region of the nuclear envelope and within the nucleus.
(ii) 23GFP localized in the nucleus as discrete foci. Because the pattern of fluorescence was never diffuse in the nucleus, and we could always discern discrete regions of accumulation of 23GFP vs. other viral structures, we conclude that the assembly process for the baculovirus envelope within the nucleus is compartmentalized. (iii) When 23GFP was placed in an occlusion positive recombinant virus, the viral occlusions appeared greenish, with a fluorescent tinge showing that the virus containing 23GFP in its envelope was incorporated within occlusions in a normal manner (immunoelectron microscopy data confirmed these results; data not shown). As control, a recombinant virus expressing wild-type GFP in the polyhedrin locus was studied (12, 13) . When not linked to the ODV-E66 N-terminal sequence, autofluorescence and immunoelectron microscopy revealed that GFP was uniformly present throughout the cytoplasm and nucleus (data not shown). Thus the discrete patterns of label of 23GFP localization are due to the fused viral envelope N-terminal domain.
The 23␤-gal recombinant virus expressed the fusion protein under the native ODV-E66 promoter. Using antibodies to ␤-gal, the localization pattern of 23␤-gal by immunoelectron microscopy was similar to the wild-type ODV-E66 that was described previously (5) . This included significant levels of label within the viral induced intranuclear microvesicles (Fig.  3 A, m) , ODV envelope (Fig. 3A,  ¶) and slight but discernible label with the nuclear envelope and associated with intracellular, cytoplasmic membranes (Fig. 3A, 3) . This labeling pattern is very similar to ODV-E25, another ODV envelope protein that contains an N-terminal hydrophobic domain (15) . Fig. 3B shows that ODV-E25 antibody also labels intranuclear microvesicles and the ODV envelope (Fig. 3B , m and ¶) with limited but discernible labeling of the nuclear envelope and intracellular cytoplasmic membranes (Fig. 3B, 3) . When compared with the labeling pattern of wild-type or fusion proteins expressed under the ODV-E66 promoter, fusion proteins more highly expressed under the control of the polyhedrin promoter still label the viral induced microvesicles and ODV envelope, but significant amounts of label are now visualized associated with intracellular cytoplasmic membranes located near the periphery of the nucleus (Fig. 3 C-F) . Increased amounts of label are also visualized in the microvesicles and ODV envelope (Fig. 3 D-F, m and  ¶) . However, label is enhanced in the nuclear envelope, both outer and INM (Fig. 3 D-F, ®) and in cytoplasmic membranes near the nucleus (Fig. 3C, D, F 7 and 3) .
We compared the N-terminal amino acid sequence of ODV-E66 and ODV-E25 with the sequence of these proteins from other baculoviruses and the fusion constructs generated for this study (Fig. 4) . These sequences contain a hydrophobic domain composed primarily of isoleucine, leucine, and valine followed by a asparagine-serine rich region and finally a region containing charged amino acids.
DISCUSSION
In AcMNPV Infection, the Nucleus Becomes Significantly Enlarged. Transmission electron microscopy reveals that although apparently remaining intact, regions of the nuclear envelope and INM become irregular (18) . As infection progresses, foci of microvesicles appear and localize in discrete regions of the nucleoplasm. Thus, in AcMNPV infected cells a specific sorting of membranes occurs resulting in nuclear compartmentalization. Our observations show that some ODV envelope proteins associate at least transiently with cytoplasmic membranes located near the nucleus and with the nuclear envelope, including the INM. This association led us to consider two hypotheses: (i) transport of some ODV envelope proteins into the nucleus could be mediated through membranes, and (ii) regions of the INM could invaginate into the nucleus and function as a source of viral induced intranuclear microvesicles (6) . Insect cells may contain cellular proteins with similarities to one or more of the viral envelope proteins; thus, the transport of viral proteins to the ODV envelope may represent a viral amplified, but normal, cellular pathway of integral membrane protein transport into the nuclear envelope (refs. 6 and 19 and unpublished results).
Transmembrane targeting or retention signals sequences function for specific integral membrane proteins to locate or retain proteins with distinct subset(s) of cellular membranes. In this study we demonstrated that a short sequence, composed predominantly of a hydrophobic domain derived from two ODV envelope proteins, is sufficient to direct proteins that are normally . 16 and 17) , into cytoplasmic membranes, the nuclear envelope, viral-induced intranuclear microvesicles, and the ODV envelope. This sequence apparently does not cause random insertion of proteins into cellular membranes in general, as the wild-type and fusion proteins are not detected on the plasma membrane (Fig. 2C) or budded virus envelope (5, 15) . Wild-type ODV-E66, ODV-E25, and the fusion protein 23␤-gal, when expressed under their native or ODV-E66 promoter, demonstrate a limited association with cytoplasmic membranes and the nuclear envelope. However, when these or similar fusion proteins are expressed at high levels under the control of the polyhedrin promoter, they clearly associate with cytoplasmic membranes that are closely associated with the nucleus and the outer and INM. We propose several models to explain these results.
The most defined pathway of nuclear import is through the nuclear pore, however the viral 23͞24 amino acid sequence and fusions thereof, do not contain a conventional nuclear targeting sequence. Fig. 4 ; model 1, illustrates that if other protein (X), binds to the N-terminal sequence (23-Y), it could contain a nuclear localization sequence and by itself, or complexed with additional proteins, serve to transport 23-Y into the nucleus through the nuclear pore. Upon entry, X, the binding͞ transport protein could disassociate, and release 23-Y to traffick to, and insert into membranes within the nucleus. If 23-Y is expressed at high levels, as would be the case with polyhedrin-promoter regulated expression, then protein X could become limiting and without the proper stoichiometry, 23-Y would randomly associate with cellular membranes. Several features argue against this model. (i) When expressed at high levels 23-Y is detected abundantly in both the outer and INM. This would suggest unregulated diffusion and͞or retention from the outer to the INM. It would be difficult to explain how the INM could retain its structural and therefore, functional integrity separate from the ONM if such a random transport and͞or retention mechanism is occurring. (ii) If 23-Y could randomly insert into any membrane when expressed at high levels, then it is difficult to understand why this protein is not detected at the plasma membrane.
A second model model predicts that 23-Y associates specifically with a subset of cellular membranes closely associated with the nuclear envelope, (presumably ER, or a subset thereof) where it then interacts with other protein(s), (X), which then functions to target or transport 23-Y from the outer to the INM (Fig. 4,  model 2) . If large amounts of 23-Y are incorporated into the cytoplasmic membrane (i.e., polyhedrin-promoter regulated expression), X is again limiting, and without the correct stoichiometry and efficient transport, 23-Y accumulates in the specific subset of cytoplasmic membranes (presumably ER).
Model 2 is more consistent with previous studies of protein transport to the nuclear envelope that indicate that cytoplasmic membranes, especially ER, may function as important intermediates in the transport pathway. LBR is first inserted into rough ER͞ONM, then transported to the INM where it interacts with lamin B (8, 21) . The integral nuclear envelope protein of avian erythrocytes, p18 is equally distributed between the ONM͞rough ER and INM, and forms a complex with LBR and other proteins at the INM (22) . N-glycoprotein gp210, an integral component of the nuclear pore complex, is first inserted into the rough ER͞ONM where core Nglycosylation occurs, and then becomes incorporated into the nuclear pore complex (9) and, glycoprotein B of herpes simplex virus is first inserted into the rough ER͞ONM where high-mannose N-glycans are added, and then transported to the INM in the high-mannose immature form (7, 23) . Our results with 23GFP, 24GFP, and high levels of expression of ODV-E66 is also consistent with the ER functioning as an intermediate in the transport pathway to both the ONM and INM. Our data also describes an amino acid sequence that could interact with other protein(s) in this transport pathway. While these data are consistent with previous studies of hydrophobic domains, it also has unique differences. Studies using a hydrophobic domain of LBR to locate reporter protein fusions to the INM reveal that this domain cannot efficiently transport proteins Ͼ70 kDa into the INM. This led Soullam and Worman (24) to hypothesize that diffusion to the INM is coupled with nuclear pore interactions, and that a necessary feature of the transported proteins must be that they can fit through the lateral channels of the nuclear pore complex. This size restriction is not true for 23␤-gal (Ϸ120 kDa). It is unknown how membrane proteins are transported from the ER͞ONM to the INM. This could be done utilizing the nuclear pore, or it is possible that a novel, as yet undescribed, pathway of protein movement analogous to other dual membrane transport systems may also exist.
While it is difficult to predict secondary structure of a hydrophobic domain, the hydrophobic sequences identified in this study may have some interesting differences as compared with other hydrophobic domains in INM proteins. NNPREDICT and SAPS analysis (25) predict that the 23 and 24 amino acid sequence ODV-E66 and ODV-E25 have a tendency to assume a ␤-sheet structure. This is in contrast to rat gp210, herpes simplex virus glycoprotein B segment 3, and chicken LBR (transmembrane segment 1), which are predicted to assume more of an ␣-helical orientation through a membrane bilayer. A single ␤-strand is believed to be unstable within a membrane, but would form stable complexes with other ␤-strands in the membrane. Such a structure has been proposed for ligand-gated ion channels and some neurotoxins (26) (27) (28) . Thus, if the hydrophobic regions of ODV-E66 and ODV-E25 are associating with membranes via a ␤-strand they may be associating with themselves or other proteins to produce a stable complex. The hydrophobic domain of ODV-E66 and ODV-E25 is composed predominantly of the amino acids valine, isoleucine and leucines, amino acids that have been shown to play a strong role in stabilizing ␤ sheets in a complex (29) . The hydrophobic domains from gp210, herpes simplex virus glycoprotein B, and LBR are interrupted with proline, alanine, phenyalanine and threonines and these domains are located internally within the amino acid sequence. In contrast, the hydrophobic domains of ODV-E66 and ODV-E25 reside at the N terminus of each protein.
A novel feature of baculovirus infection is the induction of large amounts of intranuclear microvesicles and unitmembrane structures, some of which become the ODV envelope. We consider the results presented here to be consistent with the hypothesis that the INM may serve as a source of the intranuclear microvesicles. Localized and concentrated 23GFP and 24GFP fluorescence is first visualized closely associated with the nuclear envelope, both the outer and INM, and as the infection progresses, it moves to localized regions within the nucleus. As the pathway of trafficking and targeting of ODV envelope proteins is defined, we hope that this pathway will also reveal the source of membrane that becomes intranuclear microvesicles and the process involved in this induction and ultimately the source ODV envelope.
If AcMNPV is utilizing or redirecting the normal cellular pathways of membrane or membrane associated protein transport to the INM, then studies on baculovirus envelope proteins should reveal some details of the molecular biology and biochemistry utilized by cells for the regulation of these pathways. Investigations using these viral proteins as specific markers, may reveal some of the mechanisms and pathways utilized by cells to produce and retain the structural and functional integrity of the nuclear envelope.
